Two frequency-doubled diode-pumped Nd:YAG lasers are used to study the hyperfine spectrum of 127I2 near 532 nm by heterodyne spectroscopy. Eight rovibrational transitions between the lowest vibrational level in the ground (X) state to vibrational levels 32-36 in the B state are observed. The measured frequency splittings are used to determine the difference in the hyperfine constants for these transitions. The standard deviation of the theoretical fit to the measured spectra is better than 10 kHz. The root Allan variance of the beat frequency between the I 2 -locked lasers follows a 1.1 X 10-12 /V' dependence for measurements times r > 0.002 s and reaches a minimum value of 2.5 x 1i-1 3 (two-sample beat frequency of 70 Hz) at T = 32 s. A method for accurately determining the absolute frequency of the iodine lines near 532 nm is proposed.
INTRODUCTION
The B-X transitions of molecular iodine have been the subject of many spectroscopic measurements, resulting in a thoroughly characterized spectrum in the visible' and precise rotational and vibrational molecular constants. 2 The saturated absorption lines of iodine provide a relatively narrow and convenient optical frequency reference and have been used to stabilize absolutely the frequency of several gas lasers: helium-neon, argon ion, etc. 3 Four out of the five recommended wavelengths for the realization of the meter 4 correspond to hyperfine transitions in 27I2 that coincide with laser lines.
Several frequency-doubled Nd:YAG laser systems have been used to study the hyperfine spectrum of iodine near 532 nm. Kruzhalov et al. 5 used an intracavity-doubled Nd:YAG laser and also locked the laser frequency to hyperfine transitions, whereas external doubling of a pulsedinjection-seeded laser was used by Esherick and Owyoung 6 for fluorescence excitation and Doppler-free spectroscopy of iodine. Recently we absolutely stabilized the frequency of resonantly externally doubled diode-pumped Nd:YAG lasers to 2.3 parts in 1012 by locking to iodine hyperfine transitions. 7 The narrow linewidths and relatively wide tuning range of the monolithic diode-laser-pumped Nd:YAG lasers that are doubled into the visible provide an excellent tool for investigating the iodine hyperfine transitions. In this paper we use the ability to lock the second harmonic of two lasers to iodine hyperfine transitions to measure precisely the hyperfine frequency splitting of several rovibrational lines that fall within the tuning range of the doubled laser by heterodyne spectroscopy. These results are then used to determine the hyperfine constants of the measured transitions.
The experimental setup and the frequency-stability measurements aro described in Section 2. Section 3 contains the frequency splitting, spectra, and hyperfine constants of the investigated lines. In Section 4 we discuss the results and propose a method for accurately measuring the frequency of the iodine transitions near 532 nm.
EXPERIMENTAL RESULTS
The experimental setup is shown in Fig. 1 . We used two Lightwave Electronics Model 122 Nd:YAG monolithic diode laser-pumped nonplanar ring lasers, emitting 300 mW at 1064 nm. Each laser frequency was externally doubled with a MgO:LiNbO3 monolithic crystal resonator, heated to its phase-matching temperature (-108C). To provide high conversion efficiency with a fixed output power, the doubling crystal resonator was frequency locked to the Nd:YAG pump frequency by a servo that controlled the LiNbO 3 resonator temperature. 7 The 532-nm output of the doubler was the source for FM Doppler-free saturation spectroscopy of iodine.
The modulation frequencies of the electro-optic modulators were 10 and 10.9 MHz. For the frequency-splitting measurements we replaced the 10-MHz modulator by a 4-MHz LiTaO 3 modulator, since several pairs of iodine hyperfine lines were found to be nearly 10 MHz apart. We acousto-optically shifted the pump beam to prevent interferometric noise problems between the reflected pump and the probe. 8 We used 10-and 15-cm-long 127I2 cells. 9 These cells were made of quartz, and the cold finger of each cell was held at a temperature of 0 'C. For the heterodyne splitting measurements the 10-cm cell was replaced by a calibrated 8.5-cm cell.'" This cell was tested at 633 nm by a beat-frequency measurement against an iodine-stabilized reference helium-neon laser (BIPM4): the average frequency shift of four hyperfine transitions of the R(127)11-5 line was less than 2.5 kHz.1 0 The optical beam inside the cell was elliptic, having a -1 mm X 2 mm diameter (transit-time broadening <40 kHz). The half-wave plate and polarizing beam splitter were adjusted to maximize the pump power reflected from the polarizing beam splitter into the iodine cell while maximizing the transmitted power of the orthogonally polarized probe beam through the polarizing beam splitter to the detector.
Under these conditions the measured full width at halfmaximum linewidth was 1.3 MHz. The dispersion signal of a hyperfine line could be fed back into the piezoelectric transducer frequency actuator of the laser through a servo Several additional transitions between the 1 and 2 vibrational levels in the X state to vibrational levels 35-42 in the B state fall within the tuning range of the laser. We observed the hyperfine structure of some of them, but detailed measurements were made only on the strong iodine lines (Table 1) , originating from the lowest vibrational level in the X state. Two completely independent systems have been built, with each laser frequency doubled and locked to its own iodine cell. The heterodyne beat-note signal between the lasers is measured at 1064 nm by use of a photodetector followed by a frequency analyzer. The stability of the locked lasers is calculated with the Allan variance
where T is the time between successive measurements as well as the duration of each frequency measurement, v is the mean optical frequency (281.63 THz at 1064 nm), M is the number of measurements, and yi is the ith frequency measurement. Figure 2 shows the root Allan variance as a function of T when both lasers are locked to the a, line of R(56)32-0 (we use the modern notation in which ai denotes the ith hyperfine line in an increasing frequency order). We used different modulation frequencies for the acousto-optic frequency shifters of the two systems; hence the center beat frequency was 23.3 MHz, although both lasers were locked to the same hyperfine line in each cell. For X > 0.002 s the root Allan variance can be represented in a compact form as 1.1 X 10-12/AT, and the actual measurement results differ by less than 40% from this dependence. The lowest value of 2.5 10-13 (frequency deviation of 70 Hz) is reached at T = 32 s. This represents an order-of-magnitude improvement in the stability with respect to our previous results. 7 The main improvements in the experimental system are due to cooling and temperature stabilizing the iodine cells, eliminating the interferometric noise between the scattered pump and probe by acousto-optic shift of the pump beam, and defocusing the beams to reduce the power broadening. Similar levels of stability were obtained with locking to other isolated hyperfine transitions. Figure 3 aBeat frequency between the a, line of each rovibrational transition and the a, line of R(56)32-0. bCalculated using expressions (2a) and (2b) and the measurements of the a, spacings.
cDifference between calculated absolute frequencies (see third column in Table 1 ).
dThe measured a 1 -a2l beat frequency of P (119) We have locked one of the lasers to an isolated hyperfine component to measure the hyperfine frequency splitting. This laser served as a frequency reference, while the second laser was locked in succession to different hyperfine components of the calibrated iodine cell, and we measured the beat frequency by taking the average of 30 successive 4-s frequency measurements. The analysis of the hyperfine frequency splitting measurements is carried out in Section 3. We have also measured the frequency spacing between the Doppler-broadened lines. This was done by locking one laser to the a, line of R(56)32-0 while locking the second laser to the a, line of each of the other rovibrational transitions. The beat frequency at 1064 nm was measured with the HP71400C light-wave signal analyzer (bandwidth 22 GHz). It was shown 2 that the center of an unblended Doppler-broadened line can be approximately estimated from the position of the hyperfine lines: for a 15-component transition, the center is given by
whereas for a 21-component transition it is
Using these formulas and the measured frequency spacings of the a, lines, we can calculate the frequency spacing between the centers of the Doppler-broadened lines. These results can be compared with the difference between the absolute frequencies of the iodine lines, calculated using the molecular constants, 2 as shown in Table 2 . It is encouraging to find that, although the accuracy of the absolute frequency prediction using molecular constants is only 2 parts in 107 (112 MHz),' 2 the agreement with our measurements in this range is much better.
DETERMINING HYPERFINE CONSTANTS
We used the measured iodine spectra to determine the hyperfine constants for these transitions. We follow the procedure outlined by Foth and Spieweck 3 : the Hamiltonian of the hyperfine interactions can be written as Hhf 8 = HEQ + HSR + HSSS + HTss, (3) where HEQ(eQq), HSR(C), Hsss(a), HTss(d) represent the electric quadrupole, spin-rotation, scalar spin-spin, and tensor spin-spin interactions, respectively, and the symbols in parentheses denote the constants of each of these interactions. For the electric quadrupole interactions we have also considered rotational levels separated by ±2, where the rotational energy spacings were taken from Ref. 2. The frequency splitting depends strongly on the difference in the hyperfine constants between the B and the X states, but exhibits only weak dependence on the absolute values of these constants. We have therefore used fixed values for the constants of the X state, based on the measurements of the v" = 0, J" = 13 level,' 4 while fitting the parameters of the B level to the experimental measurements (" and J' respectively, denote the vibrational and rotational numbers in the X state).
We performed the fitting by minimizing the standard deviation,
where N is the number of measured lines and xi and y are the measured and the fitted values, respectively. Once the minimum standard deviation was reached, the standard deviation for each of the four hyperfine constants was calculated 5 :
where z denotes each of the four constants. Our first set of measurements was made with modulation frequencies of 10 and 10.9 MHz. However, the hyperfine spectrum of the lines that we investigated included several pairs of lines that are 10 MHz apart [e.g., the all-al 2 , al3-al 4 lines of R(86)33-0 andR(106)34-0]. This resulted in a shift of the measured frequencies for these lines, owing to the interaction of the FM sideband with the neighboring line. The largest deviations (more than 100 kHz) between the theoretical fit and the experimental measurements were obtained in these cases. Hence we replaced the 10-MHz LiNbO 3 modulator with a 4-MHz LiTaO 3 modulator. The reduction in modulation frequency led to a substantial improvement in the measured accuracy for closely spaced lines, as well as to an increase in resolution. Since the reference system was locked each time to a fixed, isolated hyporfino line, the 10.9-MHz modulation frequency was left unchanged.
The difference in the hyperfine constants, as well as the measured and calculated frequency splitting, are given in Tables 3-8 . F -J denotes the difference between the angular momentum (F) and the rotational number in the B state (J), and I is the total nuclear spin. Only lines that could be resolved were used in the fitting process, since locking to some of the unresolved lines was not very stable. We include, however, the measurements of these unresolved lines.
The measured splitting of the R(56)32-0 line (Table 4 ) is slightly different than in our previous measurement. 7 We believe that the results of Table 4 are more accurate, since the systematic errors have been reduced and the fre- Tables 2 and 6 , which shifted the measured frequencies for these two lines. aFitting parameters are AeQq = 1906.8107 ± 0.044 MHz, AC = 95.043 ± 0.05 kHz, Aa = -10.09 + 1.4 kHz, and Ad = -48.54 ± 0.7 kHz, and the standard deviation of the fit is 2.25 kHz. Reference line is a.
quency stability is an order of magnitude better. We did not fit the P(103)34-0 and the P(119)35-0 transitions, since only a small number of hyperfine transitions were measured for each one of them.
The effect of the scalar and tensor spin-spin constants on the hyperfine spectrum is much weaker than that of the electric quadrupole and spin-rotation constants. This explains why the spin-spin constants were determined with a lower accuracy. The standard deviation of the fit for all measured lines was better than 10 kHz. The worst fit, with a standard deviation of 9.8 kHz, is obtained for the relatively weak R(134)36-0 line, in which the experimental errors were the largest.
DISCUSSION
The fitted hyperfine constants for the lines studied in this paper are summarized in Table 9 . There are two occurrences of two transitions belonging to the same vibrational bands (32-0,33-0) .
Three of the four hyperfine constants depend only on the vibrational number, and only AeQq exhibits a weak dependence on the rotational number. 6 As is seen from Table 9 , the values of the hyperfine constants are indeed in good agreement for each of the two pairs. It is interesting to note that this is not the first time that hyperfine transitions in the 32-0 band were measured: Levenson and Schawlow' 7 measured the P(10) and R(13) pair at 530.8 nm using a krypton-ion laser. Also note that measuring the P(103)34-0 line will form a third pair of transitions with the same vibrational numbers.
The dependence of the eQq and AC constants on the vibrational numbers is consistent with measurements of iodine lines at other wavelengths 7 : while only slight changes are observed in AeQq, AC increases by 50% from the 32-0 to the 36-0 transitions. This is because the thirty-sixth vibrational level lies closer to the dissociation limit.' 7 We have compared our results for AeQq and AC with the empirical formulas of Glaser.'" Our values for AeQq are higher by 1.5-2 MHz than the empirical values, whereas the values of AC are typically a few (less than 10) kilohertz below the empirical predictions, except for the R(134)36-0 line, whose measured value is 9.5 kHz above the predicted value.
An iodine-locked Nd:YAG laser offers some advantages with respect to other optical frequency standards in the visible, such as iodine-stabilized helium-neon and argonion lasers. The 633-nm helium-neon laser locked to the R(127)11-5 transition is probably the most widely used optical frequency reference in the visible. However, the population of the v = 5 level is very low near room temperature [the vibrational term of the ground state is 214.5 cm-' (Ref. 19) ], thus requiring a relatively long cell or multiple passes by intracavity-resonant or externally resonant absorption. Furthermore, the available power levels are in the milliwatt range. As is shown in this paper, the Nd:YAG laser can be locked to several strong absorption lines originating from the v" = 0 level, and power levels exceeding 100 mW have been demonstrated. A. Arie and R. L. Byer main advantages of the monolithic Nd:YAG laser with respect to argon-ion lasers are in linewidth, size, and electrical efficiency, thus offering the possibility of a compact and portable frequency-stabilized laser system. It should also be mentioned that since both the fundamental and second-harmonic frequencies are available, it may be possible to compensate partially for dispersion effects in precise length measurements. If a Nd:YAG laser locked to iodine hyperfine transitions is to become an optical frequency and length standard, it is important to determine accurately the absolute frequency of the iodine hyperfine transitions near 532 nm.
At the moment the center frequency of the Dopplerbroadened lines of iodine is known to only 2 parts in 107. 12 The frequencies of several iodine hyperfine transitions that match helium-neon laser lines were measured by a frequency chain that starts from the cesium atomic clock with an accuracy of several parts in 1010. 21 While new methods have been recently suggested for accurate measurement of the frequency of light, 22 2 3 it is worth mentioning that the sum frequency of the 3.19-,m, CH 4 transitions that were studied in this paper. Three-ordersof-magnitude improvement in the accuracy of the absolute frequency of these transitions may be achieved with these two helium-neon lasers. For example, difference frequency mixing between the iodine-stabilized Nd:YAG and the CH 4 -stabilized helium-neon lasers will generate red light whose frequency can be accurately determined by measurement of the beat frequency against the iodinestabilized helium-neon laser at 633 nm. A 1.3-THz signal can be measured directly with a point-contact metal-insulator-metal diode. 2 4 Alternatively, a comb of frequencies that span more than 1.3 THz may be generated by driving an electro-optic phase modulator installed inside a Fabry-Perot cavity, 2 5 where both the rf and laser frequencies coincide with resonant frequencies of the cavity. This system will provide a beat frequency that can be measured with a conventional high-frequency optical detector.
A systematic study of the frequency shifts of an iodinestabilized Nd:YAG laser, e.g., caused by pressure, laser power, or modulation frequency, may be required to establish this source as a frequency reference. Compared with the 633-nm helium-neon laser locked to an intracavity iodine cell, which has to be maintained at a higher temperature because of the low population of the v" = 5 level, there is a potential for reduced power and pressureinduced line shifts. 3 The reproducibility may also be limited by offsets owing to residual amplitude modulation at the modulation frequency of the electro-optic modulator. This effect is usually caused by polarization rotation in the electro-optic birefringent crystal, followed by polarizationdependent transmission through the optical elements. In our system we have manually adjusted the orientation of the electro-optic modulator with respect to the polarization of the probe beam to minimize the residual amplitude modulation. However, for measurements of the absolute frequency of the iodine transitions, a servo control that actively suppresses the amplitude modulation may be required. 2 6 5. SUMMARY We have measured the spectra and determined the hyperfine constants of several rovibrational transitions near 532 nm. These transitions occur between the lowest vibrational level in the ground X state and the vibrational levels 32-36 in the B state. The determination of the hyperfine constants provides additional information on the dependence of the hyperfine constants on the vibrational level. We have also precisely measured the frequency spacing between hyperfine components belonging to the different rovibrational transitions near 532 nm, thereby creating an absolute high-resolution frequency reference scale that matches the tuning range of doubled Nd:YAG lasers.
The iodine-locked Nd:YAG laser offers several important advantages with respect to other frequency references in the visible: higher power and a stronger iodine transition compared with the red helium-neon lasers and narrower linewidth, smaller size, and higher electrical efficiency with respect to the argon-ion lasers. If the absolute frequency of the lines studied in this paper were measured to a higher accuracy, then this all-solid-state laser could become an attractive optical-frequency reference and a new optical length standard for the definition of the meter.
